Sailing yachts has been experienced extensively in the past years, generating very fast yachts. However, the search for speed has lead to very similar boats, with similar performance and, frequently, with poor behavior in rough water. The study of performance of sailing yacht in waves, experienced in heeled and yawed condition has been conducted, as well as the prediction of its motion in order to generate more data and provide tools to better design yachts for rough water.
Summary
Sailing yachts has been experienced extensively in the past years, generating very fast yachts. However, the search for speed has lead to very similar boats, with similar performance and, frequently, with poor behavior in rough water.
The study of performance of sailing yacht in waves, experienced in heeled and yawed condition has been conducted, as well as the prediction of its motion in order to generate more data and provide tools to better design yachts for rough water.
A deeper study of influence of the lateral force generated by the keel was done, testing the model with a normal fin keel and a pole keel (that did not generate lift). The free-running technique was applied in order to allow the model freedom for heeling and yawing.
The resistance due to the attitude was obtained as an additional result.
The conclusions are very interesting and intriguing and indicate the strong influence of the keel over the added resistance in waves, but the mechanism that rules that influence is not clear yet.
. Introduction
The sailing yacht has been experiencing a quick performance development in the past few years. The researches have leaded the designers to push the design envelope to its limits, creating radical yachts with a performance unthinkable few years ago. Despite the quick increase in the final velocity of yacht, it looks like an upper limit was achieved, with the yachts presenting very similar performance. At the same time, the search for speed at any price resulted in yachts with very poor maneuverability and seaworthiness1_).
A better comprehension of the mechanism of added resistance in waves for yachts in heeled and yawed condition could solve both of these problems at once.
At the same time it could provided the desired edge in the final velocity, it also could result in more seaworthy yachts, since a deeper study in the yacht motions would be necessary to explain the added resistance in waves. The Yokohama National University has been working in these subjects for the past few years, proposing a new experimental set-up2)3) that allows the yacht model to be experienced in waves using the free running technique. With such a technique, it is possible to run the model in a coupled relation between the yaw and roll angle for a determined velocity with bow waves. Considering that the direction of wind and wind waves probably is coincident, the bow waves seems hard to be experienced for a sailing yacht. However, considering the swell, bow waves is quite possible to be experienced. The possibility to experience a yacht reproducing its actual sailing condition (heel and yaw angle determined by its stability characteristics as well as its velocity) opened new perspectives for a better understanding of the phenomena those rules the sailing of an yacht. These researchers found that the influence of appendages over the motion and, consequently, the added resistance in waves could be a new frontier for an improvement of overall performance of a sailing yacht.
In order to measure the influence of appendages over the added resistance, the model was experienced with two different sets of keel : one more conventional, consisting of a fin keel with a bulb attached in its low end and the second one was a pole keel, with one sphere attached to the tip of a long cylinder. Despite being different, the keels confer to the model practically the same final stability characteristics.
Since the canoe body, the rudder and the overall stability were quite similar, the results could be compared straightforward.
The experiments were conducted in upright condition and heeled-yawed condition in still water and in longcrested waves and the velocity range was chosen as a function of yacht performance in the upwind leg (around Froude number 0.30).
To keep the analysis simple, only regular and transient waves were experi-enced and its incidence was parallel with the model path (bow waves). It is the first time that comparisons of added resistance in waves between two different keels for an yacht model experienced in the free-running condition are published and the results are interesting and intriguing enough to justify the necessity of further research.
Justification
The main objective of this experiment was looking for answers that could explain the disagreement between the theoretical and experimental results found by the authors and published in the reference).
The mathematical model utilized at that time was the Maruo's technique, including Fuji-Takahashi reflected wave effect, based in the New Strip Method, which did not allow the modeling of appendages. It was deduced that the influence of appendages over the motions and added resistance in waves could be playing a big whole in that difference.
The functions of the appendages are two : equilibrate its aerodynamic counterpart.
It can be concluded that the influence of appendage over the added resistance could be a result of its generated lateral force, that has a component pointing upwards in the heeled condition and/or the heave and pitch damping due to the projected horizontal area of bulb.
It was decided that substituting the conventional keel by a pole keel, consisting of a long cylinder with a sphere in its low end, could result in a structure that, due to its circular section, would not generate any lift and, at the same time, would keep the center of gravity low. The radius of gyration also could be kept close to the value experimented with the fin keel, allowing the direct comparison of added resistance in waves and model motion for both sets of keels.
However, the lateral force generation is fundamental to equilibrate the model and, consequently, for the success of the free running method. Fortunately, due to the high drag developed by the pole keel and the drift angle, the component of keel drag perpendicular to the centerline of the model was large enough to equilibrate the towing force and also generate an appreciable heel angle without generating upwards components. In the Fig. 1 the drag and lateral forces are presented by solid arrow, while their projection square to the centerline is draw with empty arrows. Through the picture is easy to see that such a projection constitute the hydrodynamic heeling force, with combined with its aerodynamic counterpart will generate the coupled heeling moment.
however, this force was not sufficient to heel the model to the same values achieved with the fin keel and transversal arms with ballast had to be fitted transversally over the deck, in a similar way of that done in the Davidson's') technique.
Model Configuration
The model was a typical America's Cup IACC hull with a displacement body and fitted with a spade rudder and two kinds of keel :
with a sphere in its lower tip.
The body plan and buttock lines for both keels can be seen at the Fig. 3 where the same scale represents them.
The proposal of using a pole keel was based on the fact that, due to its circular geometry, such a structure would not generated lateral force In order to compare the data for the fin keel The body plan of the model (fitted with fin keel and bulb) is on the Fig. 2 as well as a representation of the right hand coordinate system (bow up is positive) used in this work. The lines for both keels are represented on the Fig. 3 .
. Experimental Condition
The model was experimented in waves and still water fitted with a pole keel. The results for fin keel was obtained before and more details can be find on the references2)3).
In the upright condition and still water, the velocity range corresponds to Froude number between 0.25 and 0.37, which encompass the velocity expected to be achieve on the upwind condition. When tested in still water, the velocity was kept constant for a Froude number equal to 0.30, a constant wave height of 2.0% of waterline length and A/LWL ranging from 0.75 to 2.5 with steps of 0.25.
For the experiments done in heeled and yawed condition in still water, three velocities were chosen corresponding to Froude number 0.25, 0.30 and 0.35. For each of them the following yaw angles were settled : 3.0, 4.5 and 6.0 degrees. Actually, the angles achieved differ from the initially settled ones due to autopilot limitations. However, those differences did not affect the data analysis.
For the heeled condition in waves three wave heights were experienced : 1.5%, 2.0% and 2.5% of length of waterline. The frequency range was similar to those ones in upright condition and the velocity corresponded to Froude number 0.30.
The wave frequencies and heights were chosen following the considerations found at reference5)6).
Experimental Set-up
Experiments were conducted at the towing tank of Yokohama National University that measures 100 meter on length, being 8 meters wide and 3.5 meters deep. It is equipped with snake type wave generator and wave absorbers in both sides and in both extremities. Those wave absorbers could be raised whenever it was necessary. The carriage has a maximum speed of 2.4 m/s and can be coupled with a sub-carriage in order to provide a wider work platform. The experimental set-up is described in details for Hirayama at all3) and a schematically rendering can be seen on Fig. 4 . It is a free running set-up where the model is towed by two lines settled at a right angle and representing the resistance and the lateral force. Ring -gages were attached to this lines and measured the total force in the velocity direction and its perpendicular direction. The model was kept in its course through an auto pilot system that tracked two lamps on the deck by camera to determine the midship position and the yaw angle and send signals back to an active rudder through radio control.
When experienced in waves, springs were inserted to the lines in order to smooth the motions and allow a time history without discontinuity by snapping forces. The benefic consequence was that the values could be taken as an average over full cycles of period.
Servo-needle type wave probes installed in front of the carriage and in the position of model's midship acquired the wave height and encounter frequency.
Personal computers installed on the carriage were responsible for the data acquisition and storage as well as to control the autopilot and maintain the model in the pre settled yaw angle. some interesting quantitative remarks, since it is evident that the keel plays an important factor over the added wave resistance.
7.
Additional result An interesting additional result was the determination of the resistance due to the attitude of the model. The experiment in still water and upright condition was conducted once without any keel. The lack of directional stability occasioned strong and constant intervention from the rudder. If the velocity was increased, the rudder motion also became larger, increasing the total resistance of the model.
The Fig. 14 shows the semi-empirical calculation for the total resistance in still water for the canoe body and rudder (positioned at 0 o) and also the experimental results. The difference between the two curves can be attributed to the resistance due to the attitude of the model, which includes the rudder action, heeling motion and yawing motion.
Conclusion
The added resistance in waves in heeled and yawed y = 797.45x3 -637.3x2 + 174.8x -15.807 condition was obtained for a hull fitted with a pole keel and its results were compared with similar model fitted with a fin keel. The following conclusions can be done : 1 ) The pitch of the model fitted with fin keel was very much reduced when compared with its pole keel counterpart. The difference between them could be as large as 37%. Different frontal area and hydrodynamic form contribute to higher damping effect over the pitch motion. 2 ) For the even keel condition, such a difference reflected in the added wave resistance, lowering the total value of (Rt-Ro) /H2 in the order of 10% for the pick region and being always smaller than the fin keel version in almost all the range of wave frequencies studied but the lower ones. The curves obtained show the same tendency and consistency along the entire range of frequencies. 3 ) In heeled and yawed condition some undesirable hydrodynamic phenomena generated by the pole keel interfered with the total resistance in waves, lowering its values and resulting in negative values for the added resistance in waves. The 
